INCENP and Aurora B Promote Meiotic Sister Chromatid Cohesion through Localization of the Shugoshin MEI-S332 in Drosophila  by Resnick, Tamar D. et al.
Developmental Cell 11, 57–68, July, 2006 ª2006 Elsevier Inc. DOI 10.1016/j.devcel.2006.04.021INCENP and Aurora B Promote Meiotic
Sister Chromatid Cohesion through Localization
of the Shugoshin MEI-S332 in DrosophilaTamar D. Resnick,1 David L. Satinover,2
Fiona MacIsaac,3 P. Todd Stukenberg,2
William C. Earnshaw,3,4 Terry L. Orr-Weaver,1,4
and Mar Carmena3,*
1Whitehead Institute and Department of Biology
Massachusetts Institute of Technology
Nine Cambridge Center
Cambridge, Massachusetts 02142
2University of Virginia
Department of Biochemistry and Molecular Genetics
Jordan Hall
Room 6017
1300 Jefferson Park Avenue
Charlottesville, Virginia 22908
3Wellcome Trust Centre for Cell Biology
School of Biology
King’s Buildings
University of Edinburgh
EH9 3JR Edinburgh
Scotland
Summary
The chromosomal passenger complex protein INCENP
is required in mitosis for chromosome condensation,
spindle attachment and function, and cytokinesis.
Here, we show that INCENP has an essential function
in the specialized behavior of centromeres in meiosis.
Mutations affecting Drosophila incenp profoundly af-
fect chromosome segregation in both meiosis I and II,
due, at least in part, to premature sister chromatid sep-
aration inmeiosis I. INCENPbinds to the cohesion pro-
tector protein MEI-S332, which is also an excellent in
vitro substrate for Aurora B kinase. AMEI-S332mutant
that is only poorly phosphorylated by Aurora B is
defective in localization to centromeres. These results
implicate the chromosomal passenger complex in di-
rectly regulating MEI-S332 localization and, therefore,
the control of sister chromatid cohesion in meiosis.
Introduction
Sexually reproducing organisms need a specialized cell
division, meiosis, to generate haploid cells to maintain
diploidy after fertilization. During meiosis, two divisions
give rise to four haploid gametes. In the first meiotic di-
vision—the reductional division—homologous chromo-
somes pair and then segregate from each other. Without
an intervening S phase, the second meiotic division
proceeds similarly to mitosis. The success of meiosis
depends on specific regulation of the cell division ma-
chinery. Some components are common to mitosis
and meiosis but are regulated differently in the two types
of division. Other components function only in meiosis
(McKee, 2004).
*Correspondence: mar.carmena@ed.ac.uk
4 These laboratories contributed equally to this work.In both mitosis and meiosis, sister chromatids must
physically associate with each other to biorient on the
spindle. The sister chromatids are linked by the cohesin
complex, and, in mitosis, this cohesion is released at the
metaphase-anaphase transition after cleavage of the
Scc1/Rad21 subunit (Uhlmann et al., 2000).
Specialized features are required in meiosis I to facil-
itate homolog segregation and to ensure that sister
chromatid segregation is deferred until meiosis II (Pet-
ronczki et al., 2003). In most organisms, homologs are
linked by chiasmata, sites at which homologs have
recombined. The sister kinetochores of each chromo-
some act as a unit, attaching to the same spindle pole
and ensuring that both sister chromatids of each homo-
log migrate to the same pole in anaphase I. To coordi-
nate proper segregation, cohesion is lost in a stepwise
manner. Cohesion distal to the chiasmata is lost in ana-
phase I, allowing homologs to separate (Buonomo et al.,
2000), but cohesion between the centromeres of the sis-
ter chromatids is preserved until the onset of anaphase
II to guarantee accurate segregation of sister chroma-
tids (for a review, see Petronczki et al., 2003). Retention
of cohesion at the centromere requires the Drosophila
MEI-S332 protein, the founding member of a class of
protective proteins, now known as Shugoshins (Kerre-
brock et al., 1995). Yeast Shugoshin proteins appear to
act by preventing cleavage of the Rad21 meiotic pa-
ralog, Rec8, at the metaphase I-anaphase I transition
(Katis et al., 2004; Kitajima et al., 2004; Marston et al.,
2004; Rabitsch et al., 2004). Similarly, human Shugoshin
ensures that cohesin does not prematurely dissociate
from mitotic centromeres (McGuinness et al., 2005).
The chromosomal passenger complex plays essential
roles in mitosis and cytokinesis (Carmena and Earn-
shaw, 2003; Vagnarelli and Earnshaw, 2004), including
chromosome condensation, biorientation of kineto-
chores, stability of the bipolar spindle, and central spin-
dle formation. Four members of the complex have been
identified: Aurora B (Adams et al., 2000, 2001a; Schu-
macher et al., 1998; Terada et al., 1998), INCENP (Inner
Centromere Protein) (Cooke et al., 1987), Survivin (Car-
valho et al., 2003; Skoufias et al., 2000; Uren et al.,
2000), and Borealin/Dasra-B (Gassmann et al., 2004;
Sampath et al., 2004). Aurora B is a member of a highly
conserved family of Ser-Thr kinases that are key mitotic
regulators (Carmena and Earnshaw, 2003). The other
members of the complex regulate the kinase activity
and target it to its different cellular substrates. INCENP
binds Aurora B (Adams et al., 2000) through a highly con-
served domain called the IN-BOX (Adams et al., 2000,
2001a; Honda et al., 2003). INCENP is phosphorylated
by Aurora B and activates the kinase in a positive feed-
back loop (Bishop and Schumacher, 2002; Honda et al.,
2003; Kang et al., 2001). Loss of INCENP function leads
to mistargeting and loss of kinase activity (Adams et al.,
2001b). INCENP binds microtubules in vitro (Wheatley
et al., 2001) and has a defined centromere-targeting
domain; thus, it has been suggested that INCENP tar-
gets Aurora kinase to subcellular locations at which
its activity is required during cell division. In yeast,
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Cdc14 is required for transfer of the complex to the cen-
tral spindle (Pereira and Schiebel, 2003).
Much less is known about the roles of the chromo-
somal passenger proteins in meiosis. In C. elegans,
AIR-2/Aurora B localizes on chromatin distal to chias-
mata in meiosis I, and, in air-2 RNAi embryos, the REC-
8 on the distal region of the chromosomes remains unde-
graded, preventing the separation of homologs (Kaitna
et al., 2002; Rogers et al., 2002). Because phosphoryla-
tion of Scc1 increases the efficiency of separase cleav-
age (Uhlmann et al., 2000), phosphorylation by AIR-2
was proposed to promote Rec8 degradation distal to
chiasmata. Aurora B may also contribute, together with
Plk1, to the release of cohesion between sister chroma-
tid arms in mitotic prophase/prometaphase (Gimenez-
Abian et al., 2004; Losada et al., 2002).
We have used two Drosophila mutants in the INCENP
protein to define the role of the chromosomal passenger
complex in the specialized behavior of sister centro-
meres during male meiosis, a system in which meiosis I
chromosomes are naturally achiasmatic. During Dro-
sophila male meiosis, homologous chromosomes pair,
but no synaptonemal complex is detected (Ault et al.,
1982) and recombination is absent (Morgan, 1912). The
effects of incenp mutants on meiosis, the localization
of INCENP protein, and its effect on MEI-S332 localiza-
tion reveal what we believe to be a novel function of the
chromosomal passenger complex: regulation of MEI-
S332 localization and protection of centromeric chroma-
tid cohesion during meiosis.
Results
DmINCENP Remains at Centromeres after the
Metaphase-Anaphase Transition in Male Meiosis I
The chromosomal passenger complex shows a charac-
teristic distribution in mitosis (for a review, see Carmena
and Earnshaw, 2003; Vagnarelli and Earnshaw, 2004). It
associates with chromatin during prophase, concen-
trates at centromeres in prometaphase, then transfers
to the central spindle at anaphase onset.
INCENP behavior in Drosophila male meiosis ex-
hibited several notable features. During meiotic prome-
taphase I and metaphase I, INCENP associated with
chromatin and concentrated at centromeres as it does
in mitosis (Figure 1A); however, at the transition to ana-
phase I, INCENP remained primarily associated with the
centromeres (Figure 1B). In early anaphase I, only low
levels of INCENP were detected on the central spindle
microtubules; later the centromeric signals became
weaker, and the protein spread over the chromosome
arms. At that time, a subset of INCENP became associ-
ated with the central spindle (Figure 1B, arrow). INCENP
remained associated with chromosomes through telo-
phase I (data not shown).
During the second meiotic division, INCENP again
concentrated at centromeres through metaphase II,
but then dispersed along the segregating chromatids
at the onset of anaphase II (Figure 2A). The diffuse asso-
ciation with the chromosome arms in anaphase II was
prominent relative to that in anaphase I. In addition, low
levels of INCENP were associated with central spindle
microtubules and with the cell cortex (Figure 2A, arrow).Figure 1. INCENPProtein Localization and MutantDefects inMeiosis I
(A) Wild-type metaphase I: INCENP concentrated on centromeres
(arrow).
(B) Wild-type late anaphase I: INCENP remains on centromeres, and
some protein transfers to the central spindle (arrow).
(C) P(EP)2340 prometaphase I: abnormally condensed bivalents, an
abnormally long and wavy spindle, decreased levels of centromeric
INCENP.
(D) Same as (C), but INCENP staining is undetectable.
(E) QA26 meiosis I: INCENP on centromeres and small segments of
chromatin, the result of chromosome fragmentation or aberrant
condensation.
Scale bars are 5 mm.
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phase-anaphase I transition parallels the preservation
of centromeric sister chromatid cohesion and is consis-
tent with a possible role for the chromosomal passenger
Figure 2. INCENP Protein Localization and Mutant Defects in
Meiosis II
(A) Wild-type anaphase II: INCENP associated with chromatin, cen-
tral spindle, and cell cortex (arrow).
(B) P(EP)2340 prometaphase II-like figure: elongated spindle, de-
creased levels of centromeric INCENP, and chromatin masses
aligned along the spindle.
(C) Meiosis II spindle showing the absence of INCENP staining and
missegregation of chromosome 4.
(D) QA26 prometaphase II-like figure showing the absence of
INCENP from some chromosomes and both copies of chromosome
4 at one pole.
Scale bars are 5 mm.complex in this process. Maintenance of INCENP at cen-
tromeres through anaphase I is also seen in mouse sper-
matocytes (Parra et al., 2003).
The Female-Sterile Mutation QA26 Is
Located in Dmincenp
The QA26 allele was generated in a screen for female-
sterile mutations and was characterized as causing
defects prior to cellularization of the embryo (Schup-
bach and Wieschaus, 1989). A combination of deficiency
(see the Supplemental Experimental Procedures in the
Supplemental Data available with this article online)
and P element-induced male recombination mapping
strategies (Chen et al., 1998) localized QA26 to a region
including 43 genes, one of which was incenp (Adams
et al., 2001b). PCR amplification and DNA sequencing
from homozygous mutant genomic DNA revealed that
QA26 is a point mutation that converts aspartic acid
675 to valine in the highly conserved IN-BOX, which is
essential for the interaction between INCENP and Au-
rora B (Adams et al., 2000, 2001a; Honda et al., 2003).
QA26 homozygotes are viable, likely because INCENP
retains some function. QA26 therefore provides an op-
portunity to examine the role of incenp in meiosis, which
is not possible with stronger incenp alleles that prohibit
the development of adult flies (Chang et al., 2006).
QA26 mutant females completed meiosis without de-
tectable defects, but there were aberrations in embry-
onic mitoses (data not shown). Homozygous mutant
QA26 males had reduced fertility, suggestive of defects
in male meiosis.
In addition to the QA26 allele, we made use of
P(EP)2340, a P element insertion in the third exon of
the incenp gene (Chang et al., 2006; Rorth, 1996; Tseng
and Hariharan, 2002). Homozygous P(EP)2340 individ-
uals die late in embryogenesis (Chang et al., 2006; Tseng
and Hariharan, 2002). When overexpressed in dividing
cell populations in the eye or posterior of the wing,
P(EP)2340 results in a decrease in cell number and over-
all organ size (Tseng and Hariharan, 2002). Heterozy-
gotes are viable, but they show reduced fertility; thus,
this allele had a potential dominant defect in meiosis.
Genetic and molecular assays demonstrated that the
P element specifically affects incenp, and that its effects
are not due solely to dosage reduction (Supplemental
Data) (Chang et al. 2006).
The incenp Mutants Show Phenotypes Consistent
with Disruption of Chromosomal Passenger
Function
Both P(EP)2340 heterozygous or QA26 homozygous
spermatocytes show abnormalities in the levels and lo-
calization of INCENP. In some instances, centromere-
associated INCENP protein was low or undetectable in
at least one bivalent pair (P(EP)2340: low in 27%, absent
in 7% of meiosis I figures, n = 128, see Figures 1C and
1D; QA26: low in 34.3%, absent in 10.8%, n = 102). Al-
though INCENP localized normally in meiosis I cells in
many P(EP)2340 heterozygotes (40%) and QA26 homo-
zygotes (27%, see Figure 1E), sometimes it was distrib-
uted along the chromosome arms in prometaphase/
metaphase I rather than being restricted to the centro-
meres (see below). These effects were observed by
Developmental Cell
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INCENP.
We observed a variety of defects during meiosis I in
both incenp mutants. These defects included cells in
which unaligned chromosomes were distributed along
the spindle (Figures 1C–1E), and others in which the
four bivalents were not distinguishable or the chromo-
some morphology was abnormal (Figure 1D). In QA26,
we saw small bits of chromatin that could be fragmented
or aberrantly hypocondensed chromosomes (Figure 1E).
In addition, we observed cells with more than four chro-
mosomal masses in prometaphase I in both mutants.
These extra chromosomal masses are likely due to fail-
ure in chromosome pairing or sister chromatid cohesion
in meiosis, as the low level of premeiotic defects ob-
served by orcein stain and phase contrast in QA26 mu-
tants is not sufficient to explain them (see below and
data not shown). In many meiosis II mutant spermato-
cytes, centromere-associated INCENP protein was
reduced (P(EP)2340: low in 5%, Figure 2B, absent in
1.7%, Figure 2C; QA26: low in 16.5%, absent in 0%) or
dispersed on the chromatin (P(EP)2340: 49.1%; QA26:
43%). INCENP localized normally in 44.2% of P(EP)2340
heterozygotes (n = 120) and 40.5% of QA26 homozy-
gotes (n = 158). We observed chromatids randomly
distributed along the spindle and unequal chromatid
segregation (Figures 2B–2D), including asymmetric seg-
regation of chromosome four as shown in Figure 2C.
Spermatocytes from both mutants also showed a
range of defects in central spindle formation in anaphase
and telophase of meioses I and II (data not shown).
Pavarotti-KLP (Pav), a kinesin-like protein related to
MKLP1 and required for central spindle stability (Adams
et al., 1998), was absent or present at low levels on the
central spindle in the mutant spermatocytes (data not
shown).
These results demonstrate that INCENP function is re-
quired during Drosophila male meiosis for chromosome
condensation, chromosome segregation, and central
spindle organization. These phenotypes in incenp mu-
tant spermatocytes are consistent with the mitotic phe-
notypes from depletion of INCENP or Aurora B in Dro-
sophila S2 cells (Adams et al., 2001b; Giet and Glover,
2001). We pursued the possible role of INCENP in mei-
otic cohesion by additional quantitative cytological
and genetic analyses of the chromosomal phenotype
in QA26 male meiosis.
Disruption of incenp Function Leads to Premature
Loss of Sister Chromatid Cohesion in Meiosis
Quantitative genetic analysis revealed that both incenp
mutants underwent significantly increased levels of
chromosome nondisjunction during meiosis. By cross-
ing QA26 males to attached-X females, we detected
progeny generated by nondisjunction in meiosis I (both
X and Y chromosomes from the father) and those from
nondisjunction during meiosis II (with two paternal X
chromosomes). We also recovered progeny from sperm
lacking sex chromosomes, which could have experi-
enced nondisjunction in either meiotic division, as well
as progeny from XXY sperm, which must have under-
gone nondisjunction in both divisions (Supplemental
Data).For 1,516 progeny from QA26 males, the rate of total
nondisjunction was 15.8%, a 26-fold increase over the
0.6% nondisjunction measured forQA26/SM1 heterozy-
gous siblings (Figure 3A). The recovery of exceptional
sperm could result either from a failure of the sex chro-
mosomes to disjoin or from premature separation of the
sister chromatids followed by random segregation to
the poles. The cytology ofQA26 chromosomes supports
precocious separation as one mechanism by which non-
disjunction arises in this mutant (see below), but other
effects may also be present.
TheP(EP)2340 allele was tested for dominant effects on
meiotic segregation. We performed crosses and counted
progeny to score nondisjunction of the sex, second, and
fourth chromosomes. Each of these tests revealed sig-
nificantly higher rates of nondisjunction in P(EP)2340
heterozygotes than in controls (Supplemental Data).
Genetic evidence of nondisjunction in incenp mutants
was confirmed cytologically by orcein staining of QA26
homozygous spermatocytes. This staining revealed ab-
normalities in both chromosome morphology and num-
ber (Figure 3). Prophase I figures with loosely packed
and minimally condensed chromosomes were observed
in 34% of QA26 spermatocytes as compared to 14% of
wild-type (Figures 3B and 3C; 380 QA26 and 130 wild-
type spermatocytes scored).
In addition to defects in chromosome condensation,
QA26 spermatocytes displayed premature loss of sister
chromatid cohesion. This was suggested by the appear-
ance of prometaphase I bivalents that were compacted
into blobs but had protruding arms that appeared to be
single sister chromatids (Figure 3C). These figures were
strikingly reminiscent of those present in ord mutants
in which sister chromatid cohesion is prematurely re-
leased in prophase I (Miyazaki and Orr-Weaver, 1992),
and they contrast with the tight packing of the bivalents
normally seen in wild-type (Figure 3C, inset).
Premature loss of cohesion was unambiguous in ana-
phase I QA26 spermatocytes, where completely sepa-
rated sisters were present at the poles (Figures 3D and
3E). Prometaphase II cells with separated sister chroma-
tids were also observed (Figure 3F). Of those spermato-
cytes in which the chromosome arrangement permitted
cohesion to be assessed, 34% ofQA26mutants had pre-
cociously separated sister chromatids (Figure 3F), com-
pared to 7.8% in wild-type (90 QA26 and 65 wild-type
scored). These data reveal that the centromeric cohesion
that normally holds sisters together until the onset of
anaphase II is lost prematurely in the QA26 mutant. The
defects in chromosome condensation and sister chro-
matid cohesion likely led to missegregation, as aneu-
ploid meiosis II spermatocytes were present (Figure 3G).
Together, this genetic and cytological analysis dem-
onstrates that incenp plays a critical role in Drosophila
male meiosis, and that it is required for proper chromo-
some segregation in both the reductional and equational
divisions.
INCENP/Aurora B FunctionsAreRequired for Normal
Centromeric MEI-S332 Localization in Mitosis
The cytological and genetic analyses together reveal
a requirement for INCENP function for cohesion at sister
chromatid centromeres. We explored whether INCENP
might affect the localization or function of MEI-S332,
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61Figure 3. Meiotic Chromosome Cohesion
and Condensation Defects in incenp Mutants
(A) Mutations in incenp cause elevated non-
disjunction during meiotic chromosome seg-
regation.
(B) Defective prophase I chromosome con-
densation in a QA26 mutant spermatocyte.
(C) QA26 mutant prophase I: chromatid arms
protrude from loosely packed bivalents (ar-
row). The inset shows the wild-type prophase
I bivalent configuration.
(D) Wild-type anaphase I: at one pole, one
major autosome (arrow) and the X chromo-
some (arrowhead) attached at their centro-
meres are indicated. This cohesion configu-
ration is retained into prometaphase II.
(E) Anaphase I QA26 mutant: sister chroma-
tids of all dyads at one pole (arrow) are preco-
ciously separated.
(F) Prometaphase II QA26 spermatocyte: sis-
ter chromatids of one dyad have lost cohe-
sion (arrow) rather than retaining cohesion
at the centromere, as seen in the adjacent
dyad (arrowhead).
(G) Aneuploid prometaphase II QA26 mutant
cell with more than the six expected major
chromatids (see [D] and [F]), which is most
likely the result of meiosis I nondisjunction.
Scale bars are 10 mm.a member of the Shugoshin family of proteins required
for the maintenance of sister chromatid cohesion in
meiosis I (Lee et al. 2005). In both mitotic and meiotic
chromosomes, MEI-S332 localizes within the functional
centromere (Blower and Karpen, 2001; Lee et al., 2004;
Lopez et al., 2000), where it contributes to sister chro-
matid cohesion. In mitosis, this role of MEI-S332 is not
essential (LeBlanc et al., 1999; Lee et al., 2005).
On mitotic chromosomes, INCENP/Aurora B and MEI-
S332 exhibited an overlapping distribution, but they did
not coincide completely (Figures 4C and 4F). INCENP/
Aurora B were enriched in the heterochromatin beneath
kinetochores, whereas MEI-S332 appeared closer to the
kinetochores.
To test whether INCENP is required for localization of
MEI-S332 in mitosis, we used RNAi to deplete INCENP in
S2 cells. A total of 48 hr after addition of INCENP dsRNA,
cultures exhibited a prometaphase delay, as described
after depletion of INCENP or Aurora B (Figure 4A)
(Adams et al., 2001b). At this time point, 61% of mitotic
cells in prometaphase/metaphase showed no INCENP
staining, while 39% retained some INCENP staining
(Figure 4B, upper panel).
We exploited the variable penetrance of the RNAi
phenotype to examine the dependency of MEI-S332
centromeric localization on INCENP. We found that ev-
ery mitotic figure with normal INCENP staining at centro-
meres was also positive for MEI-S332 staining, and that
every cell without INCENP staining at centromeres also
lacked MEI-S332 (Figure 4B, upper panel; Figure 4E). A
small percentage of mitoses (3.6%) showed extremelydecondensed chromosomes with very low levels of
INCENP and undetectable MEI-S332 (Figure 4B, upper
panel). Occasionally, an INCENP-positive cell contained
individual chromosomes with low or undetectable
INCENP signal at the centromeres. These chromosomes
showed low or undetectable levels of MEI-S332
(Figure 4D).
To investigate further the role of the passenger com-
plex in MEI-S332 localization, we also examined Aurora
B-depleted cells. Again, in cells with normal Aurora B ki-
netochore staining, MEI-S332 was localized on centro-
meres. In cells with undetectable levels of Aurora B,
MEI-S332 was aberrantly dispersed around the chroma-
tin and in the cytoplasm (Figure 4B, lower panel;
Figure 4G). Similar to the INCENP depletion, we ob-
served cells in which the levels of both INCENP and
MEI-S332 (Figure 4H) or Aurora B and MEI-S332 (data
not shown) were low or undetectable only on a subset
of chromosomes. As we reported previously (Adams
et al., 2001b), in S2 cells in which Aurora B is depleted,
INCENP associates with chromatin upon entry into mito-
sis, but it fails to concentrate on the centromeres during
prometaphase/metaphase (Figure 4I). In these cells,
MEI-S332 also failed to localize normally to centromeres
(Figure 4I).
These experiments indicate that INCENP and/or
Aurora B function is required for the stable localization
of MEI-S332 at centromeres in mitosis. They also sug-
gest that Aurora B phosphorylation of INCENP or MEI-
S332 could contribute to maintaining MEI-S332 on
centromeres.
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Correlates with Delocalization of MEI-S332
(A) Distribution of mitotic phases in DmIN-
CENP RNAi (red bar), DmAurora B RNAi
(yellow bar), and control (blue bar) shows a
reduction of the percentage of metaphases
and an increase in the percentage of prome-
taphases (t = 48 hr after addition of dsRNA);
the percentage of abnormal anaphase cells
is shown separately (right).
(B) Analysis of the colocalization of MEI-S332
with INCENP in control and INCENP RNAi-
treated cells (upper panel) and with Aurora
B in Aurora B RNAi-treated cells (lower panel)
(t = 48 hr). n > 300.
(C) Localization of MEI-S332 and INCENP in
control S2 cells. The zoomed image at right
shows that both proteins overlap partially,
but that INCENP extends beneath MEI-
S332. The scale bar is 5 mm.
(D) INCENP dsRNA-treated S2 cells showing
unaligned chromosomes. INCENP and MEI-
S332 are present on most centromeres. The
Arrow points to a chromosome in which
both proteins are absent.
(E) INCENP dsRNA-treated S2 cells showing
the absence of both INCENP and MEI-S332
(arrow). The scale bar is 5 mm.
(F–I) Aurora B dsRNA-treated S2 cells. (F)
Control metaphase cell; the zoomed image
shows partial colocalization of Aurora B and
MEI-S332 on centromeres. (G) Prometaphase
cell with decondensed chromosomes show-
ing the absence of both Aurora B and MEI-
S332 from centromeres. (H) Prometaphase
cell showing INCENP and MEI-S332 on
some centromeres; the arrow points to an un-
aligned chromosome showing low levels of
INCENP and undetectable MEI-S332. The
scale bar is 5 mm. (I) Prometaphase cell show-
ing abnormal INCENP localization on chro-
matin and dispersed MEI-S332 staining.INCENP Is Required for Normal MEI-S332
Localization at Centromeres in Meiosis
MEI-S332 is essential for proper chromosome segrega-
tion in meiosis; thus, we next investigated the distribu-
tion of INCENP and MEI-S332 during meiosis in wild-
type and incenp mutant flies. INCENP and MEI-S332
colocalized at centromeres during wild-type male meio-
sis (Figures 5A–5C). In metaphase I, INCENP partially
overlapped and linked the two sister kinetochore-asso-
ciated MEI-S332 dots. Early in anaphase I, the two pro-
teins appeared largely to overlap, but late in anaphase I,
INCENP was concentrated in the heterochromatin link-
ing sister kinetochores, and only partially overlapped
with MEI-S332 (Figure 5C, inset). This is reminiscent of
the relative distributions of INCENP and the Aurora B
substrate MCAK during mitosis in mammalian cells.
In QA26 homozygous males, we observed prometa-
phase I-like figures in which both MEI-S332 and INCENP
proteins were not restricted to the centromere, but were
dispersed along the chromosome arms (Figure 5D). This
phenotype is consistent with defective interactions be-
tween INCENP and Aurora B (Adams et al., 2001b). In ad-
dition, we commonly observed meiotic figures in both
QA26 homozygotes and P(EP)2340 heterozygous males
in which MEI-S332 and INCENP were absent or reduced
on one or more chromosomes (Figure 5E; Figure S1, seethe Supplemental Data). This was particularly evident
in mutant anaphase I cells (Figure 5E) and contrasted
with wild-type cells, in which both proteins persisted
at centromeres until anaphase II (data not shown). To-
gether, these observations are consistent with INCENP
being necessary for stable MEI-S332 localization at
centromeres.
To determine whether INCENP and MEI-S332 have
a mutual requirement for proper localization, we exam-
ined INCENP distribution in mei-S3324 spermatocytes.
In each meiotic division, INCENP distribution was nor-
mal (data not shown). Because mei-S3324 flies lack de-
tectable levels of MEI-S332 protein (Tang et al., 1998),
we conclude that INCENP localization does not require
MEI-S332.
MEI-S332 Associates Directly with
DmINCENP In Vitro
To elucidate the mechanism underlying the interaction
between INCENP and MEI-S332, we next investigated
whether MEI-S332 could bind DmINCENP in vitro. Bac-
terially expressed GST-INCENP was assayed for bind-
ing to in vitro-translated MEI-S332, DmAurora B, or a
mixture of both proteins (Figures 6A and 6B). GST-
DmINCENP interacted directly with MEI-S332 (Fig-
ure 6A), and binding of MEI-S332 was increased in the
INCENP Regulates MEI-S332 at Centromeres
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S332 Is Disrupted in QA26 Meiosis
(A) Wild-type metaphase I: INCENP and
MEI-S332 on centromeres. The inset shows
INCENP staining partially overlapping and
linking the two sister kinetochore-associated
MEI-S332 dots.
(B) Wild-type early anaphase I: INCENP and
MEI-S332 remain associated with the centro-
meres. The inset shows an overlap in the
localization of the proteins. Arrow: absence
of INCENP staining on the central spindle.
(C) Wild-type late anaphase I: INCENP re-
mains associated with centromeres, but
some protein is associated with chromatin
and the central spindle (arrow: INCENP on
the central spindle).
(D) QA26 meiosis I spermatocyte: INCENP
and MEI-S332 are distributed diffusely on
the chromosomes.
(E) QA26 anaphase I: both INCENP and MEI-
S332 are absent from the chromosomes.
Scale bars are 5 mm.presence of DmAurora B (i.e., active kinase complex)
(Figure 6B).
MEI-S332 Is Phosphorylated by Aurora B In Vitro
MEI-S332 is an excellent in vitro substrate of Aurora B
kinase. When GST-MEI-S332 was incubated with re-
combinant bacterially expressed Xenopus INCENP/
Aurora B, it was phosphorylated at levels comparable
to a strong test substrate, myelin basic protein (MBP)
(Figure 7A). Moreover, at similar concentrations, MEI-
S332 could compete label away from MBP (Figure 7A).In general, bona fide in vivo substrates such as MCAK,
MKLP1, and INCENP are phosphorylated by INCENP/
Aurora B as efficiently as MBP (PTS data not shown).
Three regions of MEI-S332 contain putative Aurora B
consensus sites (RX S/T). Each site includes two or
more consecutive serine residues (98S 99S, 124S 125S
126S, 138S 139S). Three mutant MEI-S332 proteins in
which the consecutive serines in each putative site
were mutated to alanines were engineered and purified
from E. coli. Of these, MEI-S332S124,125,126A was a poor
substrate for Aurora B kinase in vitro when compared
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(Figure 7B). Because residues 124–126 constitute the
only Aurora B target site that diminishes phosphoryla-
tion when mutated, we conclude that Aurora B most
likely phosphorylates MEI-S332 within these residues.
The MEI-S332-124AAA Phosphorylation Mutant
Does Not Stably Associate with Centromeres
in Mitosis
To analyze the role of Aurora B phosphorylation of MEI-
S332 in vivo, we studied the behavior of the GFP-tagged
MEI-S332S124,125,126A phosphorylation mutant (MEI-
S332-124AAA) in transiently transfected S2 cells. Both
wild-type and mutant proteins showed similar levels of
expression and stability by Western blot (Figure 7F).
We found high levels of centromeric wild-type GFP-
MEI-S332 (Figure 7C) in 94% of prometaphase/meta-
phase cells (Figure 7G; n > 400 per experiment). In con-
trast, only 33.3% of prometaphase/metaphase cells
showed high levels of GFP-MEI-S332-124AAA mutant
protein at centromeres. A total of 66% of cells express-
ing this mutant version showed reduced signal at cen-
tromeres (Figures 7D–7E, arrow; Figure 7G). Quantifica-
tion of fluorescence intensity showed that kinetochores
in cells with high levels of mutant MEI-S332 have a level
similar to wild-type, whereas kinetochores with lower
levels of mutant protein show up to a 15-fold reduction
in fluorescence (data not shown).
Figure 6. INCENP Binds MEI-S332 In Vitro
(A) Proteins were translated in the presence of [35S]methionine and
incubated with bacterially expressed GST-DmINCENP or GST
bound to glutathione Sepharose beads. Bound (‘‘B’’) and unbound
(‘‘U’’) fractions were separated by SDS-PAGE, and proteins were
visualized by using a phosphorimager.
(B) Quantification of the binding experiment shown in (A). The bars
represent the percentage of total protein bound to GST (black) or
GST-DmINCENP (gray). Error bars show standard deviation.Discussion
To our knowledge, this analysis of Drosophila incenp
mutants reveals for the first time a crucial role for
INCENP in regulating centromeric cohesion during the
reductional division of meiosis. INCENP influences the
localization and/or function of MEI-S332: precocious
sister chromatid separation is observed at the centro-
meres in the mutants, the distribution of MEI-S332 is ab-
normal when INCENP levels are decreased, INCENP can
bind MEI-S332 in vitro, the protein is phosphorylated
in vitro by Aurora B, and MEI-S332 localization to centro-
meres in mitosis is perturbed when its preferred Aurora
B phosphorylation site is mutated.
incenp Mutations Affect Sister Chromatid Cohesion
and Chromosome Condensation and Cause
Nondisjunction in Drosophila Male Meiosis
The QA26 incenp mutation perturbs chromosome con-
densation and causes precocious separation of the sis-
ter chromatids in spermatocytes. Quantitative genetic
nondisjunction tests showed that chromosome segre-
gation fails in both meiosis I and II, and that these non-
disjunction events are consistent with premature sepa-
ration of sister chromatids and random segregation in
both meiotic divisions. This genetic analysis is likely to
underestimate the true rates of nondisjunction because
many of the defects caused by loss of passenger func-
tion (e.g., defective spindle organization or cytokinesis)
would not yield functional gametes, thereby preventing
us from scoring all of the nondisjunction events. Al-
though the aberrant condensation in prophase and
prometaphase I made direct visualization of the onset
of loss of cohesion difficult, completely separated sister
chromatids could unambiguously be seen in mutant
anaphase I cells, confirming one mechanism that con-
tributes to the genetic nondisjunction phenotype.
In C. elegans meiosis, the chromosome passenger
complex is necessary for chiasma resolution (Kaitna
et al., 2002; Rogers et al., 2002). If chromosomal passen-
gers were to participate both in regulation of centro-
meric cohesion as well as processing of chiasmata in
C. elegans, essential roles in the latter might obscure
roles in the former. In Drosophila male meiosis, there is
no synapsis of homologs or recombination. Rather, seg-
regation of homologous chromosomes is regulated via
specific pairing sites (McKee, 2004). The analysis of pas-
senger function was therefore simplified in Drosophila
males, where chiasmata do not form.
INCENP Is Required for the Stable Localization
of MEI-S332 Protein to Centromeres in Mitosis
and Meiosis
The MEI-S332-related yeast Shugoshin proteins are crit-
ical for the maintenance of the meiotic-specific cohesin
subunit Rec8 at centromeres during anaphase I (Katis
et al., 2004; Kitajima et al., 2004; Marston et al., 2004;
Rabitsch et al., 2004).
Interestingly, no Rec8 homolog has yet been found in
Drosophila. The only Drosophila meiotic kleisin, C(2)M,
is a component of the synaptonemal complex (Anderson
et al., 2005; Manheim and McKim, 2003) and has been
shown to have an earlier role in female (Heidmann
et al., 2004) and male meiosis (M.C., unpublished
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65Figure 7. Aurora B Phosphorylates MEI-S332 and Regulates Its Stable Association with Centromeres in Mitosis
(A and B) INCENP/Aurora B phosphorylates MEI-S332 in vitro within residues 124–126 (A) The recombinant INCENP/Aurora B complex was
incubated with [32P]ATP and the indicated substrate for 1 min, and incorporation of phosphate onto the proteins was visualized by autoradiog-
raphy (right) and protein loading analyzed by Coomassie blue (left). MBP, myelin basic protein; GST, glutathione S-transferase. (B) Time course of
INCENP/Aurora B kinase activity (assayed as in [A]) by using wild-type MEI-S332 or the indicated phosphosite mutant.
(C–G) The MEI-S332-124AAA phosphorylation mutant does not stably associate with centromeres in mitosis. (C) High level of centromeric GFP-
MEI-S332 in metaphase. (D) Reduced level of the phosphorylation mutant GFP-MEI-S332-124AAA on metaphase centromeres (arrow). (E) Mi-
croscope field showing a prometaphase cell with high levels of centromeric GFP-MEI-S332-124AAA and a metaphase cell with very reduced
levels of mutant protein in most centromeres (arrow). In (C)–(E), the GFP staining alone is shown in gray. (F) Western blot showing levels of
expression of the GFP-tagged proteins in three different transfection experiments. (G) Percentage of cells transfected with GFP-MEI-S332 or
GFP-MEI-S332-124AAA showing normal levels of GFP signal on kinetochores (HIGH), lower than normal levels (LOW), or no signal (NEGATIVE).
Error bars show standard deviation.
(H) Model of the role of INCENP in the regulation of MEI-S332 in meiosis. Left column: meiotic chromosome dynamics and the localization pat-
terns of key regulatory proteins INCENP/Aurora B (orange/pink), MEI-S332 (green), and POLO (red). Right column: protein interactions at the
kinetochore. In prophase I, CDK phosphorylates INCENP at the POLO binding site, promoting the targeting of POLO kinase to the kinetochore;
INCENP targets Aurora B to the kinetochore; MEI-S332 is recruited to the kinetochore. Before the metaphase-anaphase I transition, Aurora B
initiates its autoactivation backloop, phosphorylating INCENP and itself. The INCENP/Aurora B complex stabilizes centromeric MEI-S332
through direct binding and phosphorylation. At the onset of anaphase I, INCENP stays on the centromere, stopping MEI-S332 from being phos-
phorylated by POLO, and POLO transfers to the central spindle. During the metaphase-anaphase II transition, INCENP transitions off the cen-
tromere, redistributing over chromatin and transferring to the central spindle. POLO is free to phosphorylate MEI-S332, promoting its release
from centromeres. POLO then transfers to the central spindle.
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66data). Thus, what MEI-S332 protects at centromeres in
meiosis remains unclear. In mitosis, ablation of MEI-
S332 does not lead to premature loss of the mitotic co-
hesin Rad21 from centromeres (Lee et al., 2005).
In both incenp mutants, impaired INCENP function re-
sults in a failure of MEI-S332 localization to centromeres
in meiosis. This presumably leads to defects in the pro-
tection of cohesion at sister centromeres and contrib-
utes to the observed increase in meiotic nondisjunction.
The failure to localize MEI-S332 in the incenp mutants is
not a general secondary effect of prophase I condensa-
tion defects or of premature sister chromatid separation
prior to the onset of anaphase I: ord mutants, which
display both of those phenotypes, localize MEI-S332
normally (Bickel et al. 1998). Although our data support
a role for MEI-S332 in the increased nondisjunction in
incenp mutants, mei-S332 mutants predominantly lead
to meiosis II nondisjunction, whereas the incenp alleles
show defects in both meiotic divisions. Thus, INCENP
must be required for additional functions beyond its
role in MEI-S332 regulation described here.
Potential Roles for INCENP in Regulating
MEI-S332 Function
One mechanism by which INCENP could promote MEI-
S332 function is through its role in establishing or main-
taining the specialized chromatin structure around
centromeres. The chromosomal passenger complex is
involved in regulation of chromatin remodeling com-
plexes like ISWI (MacCallum et al., 2002), and it interacts
with histone and nonhistone proteins from the pericen-
tric heterochromatin (Ainsztein et al., 1998; Rangasamy
et al., 2003). Recent studies show a direct link between
Aurora B activity and regulation of HP1 localization in
mitosis (Fischle et al., 2005; Hirota et al., 2005), suggest-
ing a possible role in the regulation of heterochromatin
structure. Since heterochromatin is important for cohe-
sin binding to centromeres (Bernard et al., 2001; Nonaka
et al., 2002), it is possible that modifications of both MEI-
S332 and the underlying heterochromatin are important
for stabilizing centromeric cohesion during meiosis I.
Alternatively, INCENP could act as a platform for the
regulation of MEI-S332 at centromeres. The direct bind-
ing between INCENP and MEI-S332 could target MEI-
S332 to heterochromatin, or it could help to direct its
regulation by protein kinases. MEI-S332 binds better
in vitro to a mixture of INCENP and Aurora B than to
INCENP alone, suggesting that the interaction is
strengthened by phosphorylation of either INCENP or
MEI-S332. In addition to its role in binding and activating
Aurora B, INCENP that has been phosphorylated by
CDK1 can bind to Plk1, the human homolog of POLO ki-
nase. Binding to phosphorylated INCENP is required to
target Plk1 to centromeres in mitosis (Goto et al., 2005).
Thus, INCENP could potentially coordinate the functions
of POLO and Aurora B, both of which have been impli-
cated in the regulation of cohesin (and also in the regu-
lation of MEI-S332 in the case of POLO). These kinases
have been shown to cooperate in the release of arm co-
hesion in chromosomes assembled in Xenopus extracts
(Losada et al., 2002). In contrast to Aurora B, however,
POLO promotes the dissociation of MEI-S332 from cen-
tromeres during mitosis and meiosis (Clarke et al., 2005).
In polo mutants, MEI-S332 persists on the centromere,and mutation of two POLO box domains disrupts
POLO binding and phosphorylation of MEI-S332 in vitro,
as well as MEI-S332 dissociation from the centromeres.
Together, these observations suggest that INCENP
may act to integrate the various pathways controlling
MEI-S332 function in meiosis I (Figure 7H). Early in mei-
osis I, INCENP/Aurora B complexes may stabilize cen-
tromeric MEI-S332 through direct binding or modifica-
tion of the underlying chromatin as described above.
Similar to what happens in mitosis, CDK1 could phos-
phorylate INCENP at the POLO binding site, and phos-
phorylation-dependent binding of POLO to INCENP
could target the kinase to the centromere (Goto et al.,
2005). This binding might also render the kinase unavail-
able to phosphorylate MEI-S332. During the metaphase-
anaphase I transition, INCENP remains on the centro-
meres and might therefore prevent MEI-S332 from being
phosphorylated by POLO. At the onset of anaphase II,
however, as INCENP transitions off the centromere,
POLO may be free to phosphorylate MEI-S332, thereby
releasing it from centromeres, allowing the release of
sister chromatid cohesion.
INCENP is emerging as a key regulator of kinase sig-
naling pathways in mitosis. The present study reveals
that this versatile protein may have a similar role in mei-
osis and may use its interactions with Aurora B and
POLO to coordinate the specialized behavior of sister
chromatids in meiosis I.
Experimental Procedures
See Supplemental Data.
Supplemental Data
Supplemental Data include further discussion of the genetic analysis
of the P(EP)2340 allele, a figure showing defects in MEI-S332 local-
ization in P(EP)2340 spermatocytes, and a description of the Exper-
imental Procedures employed and are available at http://www.
developmentalcell.com/cgi/content/full/11/1/57/DC1/.
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